INTRODUCTION {#s1}
============

Esophageal adenocarcinoma (EAC) is rare, but its frequency is rapidly increasing in the Western world \[[@R1]\]. It is one of the most fatal malignancies, with 5-year survival rates ranging from 15% to 39% \[[@R2]\]. Additionally, obesity has reached epidemic proportions in Western countries \[[@R3]\] and obese subjects presenting increased mortality and cardiovascular morbidity also have a significant risk of developing cancer \[[@R4]\]. Approximately 14% of cancer-related deaths in men and 20% in women are partially ascribed to obesity \[[@R5]\] and the relative risk for EAC occurrence is 1.52 for each 5kg/m^2^ increase in body mass index (BMI) \[[@R6]\]. BMI is used to clinically to determine obesity: individuals are considered overweight with BMI≥25 kg/m^2^ and obese with BMI≥30 kg/m^2^ \[[@R1]\]. Interestingly, a growing number of studies suggest that adipose tissue alteration/dysfunction may represent a reliable marker of obesity and visceral adipocytes hypertrophy has been associated with dyslipidemia \[[@R7]\], insulin resistance and inflammation \[[@R8], [@R9]\] independently of BMI values. One of the mechanisms proposed to explain the association between obesity and cancer risk is the potential action of adipokines (e.g., leptin \[[@R10], [@R11]\], adiponectin \[[@R12]\], insulin growth factor-1 (IGF-1) \[[@R13]\]) on tumor tissue. In fact, obesity is associated with an increase in adipocyte size and an altered secretion of adipokines from adipose tissue \[[@R14]\].

Adiponectin exerts pro-apoptotic, anti-proliferative and anti-inflammatory effects \[[@R15]-[@R17]\]. The expression of its receptor (AdipoR) in tumor cells is associated with a better prognosis in gastric cancer \[[@R18]\] and the absence of lymph node metastasis in colorectal cancer \[[@R19]\]. However, because adiponectin also has a pro-angiogenic activity, increased AdipoR expression has also been associated with cancer invasiveness and/or progression \[[@R20], [@R21]\]; therefore, its role still remains controversial. IGF-1 has been suggested as another potential player in the association between visceral obesity and EAC \[[@R22]\] and its circulating levels are increased in obesity and other metabolic complications.

Leptin acts through endocrine, autocrine and paracrine effects and exerts pro-inflammatory, mitogenic, anti-apoptotic and angiogenic functions on different cells and tissues \[[@R23], [@R24]\]. Moreover, obesity and the involvement of leptin signaling have been associated with increased lymphangiogenesis and lymph node metastasis \[[@R25], [@R26]\], as well as increased angiogenesis \[[@R27], [@R28]\], suggesting that adipose tissue may play a critical role in influencing these processes during tumor development and/or progression. Guo et al. observed increased leptin receptor (ObR) expression in several tumor tissues \[[@R29]\] and it has been demonstrated that leptin is able to induce epithelial-to-mesenchymal transition (EMT) in breast \[[@R30]\] and lung \[[@R31]\] cancer metastasis. In particular, the paracrine action of leptin seems to play a role in human gastric adenocarcinoma \[[@R32]\] and colorectal cancer \[[@R33]\]. Howard et al. recently found a significant correlation between upregulation of ObR and AdipoR expression in tumor tissue (but not circulating leptin levels), pathological tumor category (pT) and positive lymph node involvement of patients with EAC \[[@R34]\]. However, despite an abundance of epidemiological data linking obesity and cancer and a large body of *in vitro* observations confirming a relationship between leptin and obesity-related tumorigenesis, the mechanisms underlying this cross-talk remains unclear \[[@R35]\].

These observations suggest that peritumoral adipose tissue and adipokines may have important an role in cancer biology \[[@R36]\] and carcinogenesis could be induced, or at least favoured by an abundance of locally produced leptin \[[@R37]\]. Therefore, the aim of this study was to investigate the crosstalk between the peritumoral adipose tissue microenvironment and EAC mediated by specific adipokines, to assess a possible relationship between obesity and nodal metastasis.

RESULTS {#s2}
=======

Patients characteristics {#s2_1}
------------------------

A consecutive series of 60 patients who underwent esophagectomy for EAC at the Surgical Oncology Unit of the Veneto Institute of Oncology (IOV-IRCCS) were analyzed. This group consisted of patients with all adenocarcinoma histotypes and tumors were staged as shown in Table [1](#T1){ref-type="table"}. 42 patients (70%) underwent neoadjuvant therapy: 5 (8.3%) had chemotherapy alone, 4 (6.6%) had radiotherapy alone and 33 (55%) had combined neoadjuvant chemoradiation. 18 patients (30%) directly underwent to esophagectomy due to their initial stage disease. Patients characteristics are outlined in Table [1](#T1){ref-type="table"}.

###### Patients characteristics

  --------------------------------------------------------------------------------------
  EAC patients                                     Normal weight\    Overweight/Obese\
                                                   (BMI \< 25)       (BMI ≥ 25)
  ------------------------------------------------ ----------------- -------------------
  N                                                35                25

  Gender Male:Female                               4:31              3:22

  Age (years)[\*](#tfn-001){ref-type="table-fn"}   62 (55-72)        58 (54-65)

  Tumor staging                                    N0 = 18 (51.4)\   N0 = 16 (64)\
                                                   N1 = 9 (25.7)\    N1 = 4 (16)\
                                                   N2 = 4 (11.4)\    N2 = 2 (8)\
                                                   N3 = 4 (11.4)     N3 = 3 (12)

  Neoadjuvant therapy                              26 (74.2)         16 (64)

  Type of neoadjuvant therapy\                     \                 \
  chemotherapy\                                    3 (8.5)\          2 (8)\
  radiotherapy\                                    2 (5.7)\          2 (8)\
  chemoradiotherapy                                21 (60)           12 (48)
  --------------------------------------------------------------------------------------

Data expressed as n(%) or

median(IQR).

BMI and obesity-related parameters in patients with EAC {#s2_2}
-------------------------------------------------------

Anthropometric measurements, clinical data and visceral adipose tissue samples from omental and peritumoral fat depots were collected for each patient. Leptin mRNA levels in omental adipose tissue were significantly increased in patients with higher BMI, whereas adiponectin mRNA levels were decreased (Fig. [1A](#F1){ref-type="fig"}). We observed a direct correlation between omental adipocyte size and BMI of patients (Fig. [1B](#F1){ref-type="fig"}) and a ROC curve was used to determine the best cut-off value for adipocyte diameter (= 75μm), to distinguish patients with BMI\<25 (normal weight) and BMI\>25 (overweight/obese) (Fig. [1B](#F1){ref-type="fig"}). Moreover, serum levels of leptin and insulin were increased in patients with a higher BMI ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}).

![Body Mass Index (BMI) and obesity-related parameters in ADK patients\
At the time of surgery, a blood sample and two visceral adipose tissue biopsies (from omental and peritumoral fat depot) were collected in patients with EAC. (A) BMI values were directly correlated with leptin mRNA expression and inversely correlated to adiponectin mRNA expression of omental adipose tissue. (B) BMI values were directly correlated with adipocyte diameter in omental adipose tissue. ROC curve analysis was used to determine the best cut-off value of adipocyte diameter (= 75μm) to distinguish patients with BMI\<25 (normal weight) and BMI\>25 (overweight/obese). Area under curve = 0.6964; P value = 0.0259.](oncotarget-06-11203-g001){#F1}

Adipokines expression and adipocyte size in omental and peritumoral adipose tissue {#s2_3}
----------------------------------------------------------------------------------

We measured leptin, adiponectin and IGF-1 expression in adipose tissue samples from peritumoral and omental depots of patients with EAC. We observed significantly increased levels of leptin in adipocytes with diameter larger than 75μm, compared with smaller adipocytes (diameter \<75μm) in both omental and peritumoral depots of patients with EAC (Fig. [2A and 2B](#F2){ref-type="fig"}). Adiponectin mRNA expression was slightly lower in omental adipocytes with diameter larger than 75μm, while it seemed to be rather increased in peritumoral adipose tissue with larger cells, but the observed differences were not statistically significant ([Supplementary Fig. 2A](#SD1){ref-type="supplementary-material"}). We also observed a slight but non-significant increase in IGF-1 mRNA levels in omental adipose tissue of EAC patients ([Supplementary Fig. 3A](#SD1){ref-type="supplementary-material"}).

![Leptin expression and adipocyte size in omental and peritumoral adipose tissue\
Total RNA and proteins were separately isolated from visceral adipose tissue samples of patients with EAC. Adipocytes diameters were measured in hematoxylin and eosin stained sections of the same samples. (A) Leptin mRNA expression was measured using qRT-PCR with HMBS as internal control. (B) Representative Western blot images of leptin and β-actin (used as internal control) signals in adipose tissue protein lysates. (C and D) Adipocyte size and leptin expression were measured in lymph node metastasis negative (N−) or positive (N+) EAC patients. (E) EAC patients were divided into groups based on their treatment with chemotherapy (CT), radiotherapy (RT), combined chemotherapy and radiotherapy (CT/RT) or no treatment (NT). Non-parametric statistical tests were used. \*p \< 0.05 and \*\*p \< 0.01.](oncotarget-06-11203-g002){#F2}

Lymph node metastasis and adipocyte size in omental and peritumoral adipose tissue {#s2_4}
----------------------------------------------------------------------------------

To explore if local tumor invasiveness could be associated with increased adipocyte size or adipokines expression in peritumoral and omental depots, we compared patients with positive nodal metastasis with patients with negative nodal metastasis, which were used as controls. We observed an increase in adipocyte diameter in peritumoral adipose tissue of patients with positive lymph node involvement (N+), compared with negative ones (N−), whereas this difference was not observed in omental adipose tissue samples (Fig. [2C](#F2){ref-type="fig"}). Moreover, we observed a significantly higher level of leptin mRNA expression only in peritumoral, but not omental adipose tissue of patients with nodal metastasis (N+) compared with negative controls (N−) (Fig. [2D](#F2){ref-type="fig"}). Adiponectin and IGF-1 mRNA levels in omental and peritumoral adipose tissue were not significantly different between N+ and N- patients ([Supplementary Fig. 2B and 2C](#SD1){ref-type="supplementary-material"}).

Effects of neoadjuvant therapy in omental and peritumoral adipose tissue {#s2_5}
------------------------------------------------------------------------

To exclude a possible effect of neoadjuvant therapy on adipokines mRNA expression and/or adipocyte size in adipose tissue specimens, we measured these parameters in EAC patients who received chemotherapy (CT), radiotherapy (RT), both radiotherapy and chemotherapy (CT/RT) or no therapy (NT). We did not observe any significant difference in leptin mRNA expression or adipocyte diameter that could be related to the presence of neoadjuvant treatment, in either omental or peritumoral depots of patients (Fig [2E](#F2){ref-type="fig"}). Adiponectin and IGF-1 mRNA expression was not associated with the presence or absence of neoadjuvant therapy as well ([Supplementary Fig. 2C and 3C](#SD1){ref-type="supplementary-material"}).

Podoplanin and CD31 expression and adipocyte size in omental and peritumoral adipose tissue {#s2_6}
-------------------------------------------------------------------------------------------

We measured immunohistochemical expression of Podoplanin (a marker of lymphangiogenesis) and CD31 (a marker of angiogenesis) in sections of peritumoral and omental adipose tissue of EAC patients. We observed higher levels of lymphangiogenesis (Fig. [3A](#F3){ref-type="fig"}) and angiogenesis (Fig. [3B](#F3){ref-type="fig"}) in adipose tissue samples with adipocytes diameters larger than 75μm, compared to those with smaller adipose cells (diameter \<75μm). This difference, although observed in both depots, was statistically significant only in peritumoral and not omental adipose tissue. Moreover, podoplanin positive staining in peritumoral (but not omental) adipose tissue was associated with nodal metastasis in EAC patients (R= 0.29, p=0.02).

![Lymphangiogenesis and angiogenesis markers in omental and peritumoral adipose tissue\
Adipocyte diameter and immunohistochemical expression of podoplanin (A) and CD31 (B) were evaluated in hematoxylin and eosin stained sections. Representative images of specific staining of lymphatic (A) and blood (B) vessels in two consecutive tissue sections are reported in the upper part of panel. For both markers, positive cells per mm^2^ were counted in omental and peritumoral adipose tissue depot of each patient. Non-parametric statistical tests were used. \*p \< 0.05 and \*\*p \< 0.01.](oncotarget-06-11203-g003){#F3}

Effects of adipose tissue conditioned medium (CM) on leptin and adiponectin receptors in OE33 cells {#s2_7}
---------------------------------------------------------------------------------------------------

To further investigate the potential mechanism by which adipose tissue could influence tumor physiology, we analyzed the effects of a conditioned medium (CM) derived from adipose tissue cultures on an EAC cell line (OE33 cells). We measured the mRNA expression of the leptin receptor (ObR) and the adiponectin receptor 1 (AdipoR1) in OE33 cells after a 48 h treatment with medium collected from adipose tissue culture of peritumoral and omental biopsies of patients. We observed that mRNA expression of ObR and AdipoR1 was generally increased in cells treated with CM of both peritumoral and omental adipose tissues, compared with untreated control cells (Fig. [4](#F4){ref-type="fig"}). In particular, we observed a dramatic increase in ObR mRNA expression in cells treated with CM derived from patients with lymph node involvement (N+) compared with negative patients (N−) in peritumoral, but not omental adipose tissue (Fig. [4A](#F4){ref-type="fig"}). We also observed a higher ObR mRNA expression in cells treated with CM derived from peritumoral adipose tissue with larger adipocytes (diameter \>75μm) compared with CM derived from tissue with smaller adipocytes, but this difference was not observed in cells treated with omental adipose tissue CM (Fig. [4B](#F4){ref-type="fig"}). AdipoR1 mRNA expression was massively increased in cells treated with CM of N+ patients only in peritumoral, but not omental adipose tissue (Fig. [4C](#F4){ref-type="fig"}) and a slightly increased expression was also observed in peritumoral adipose tissue with cells larger than 75μm (Fig. [4D](#F4){ref-type="fig"}).

![ObR and AdipoR1 mRNA expression analysis in OE33 cells\
Human EAC cells (OE33) were cultured with conditioned medium (CM) derived from adipose tissue fragments of omental and peritumoral depots of EAC patients. After 48 h, mRNA levels of ObR and AdipoR1 were measured using qRT-PCR with 18s rRNA and HMBS as internal controls. (A and C) Lymph node negative (N−) or positive (N+) involvement was estimated by TNM values for each patient. (B and D) Adipocyte diameters were measured in hematoxylin and eosin stained sections of the same samples. OE33 cells were cultured for 48 h in the presence of human recombinant leptin (E) or in the presence of leptin antagonist SHLA in addition to peritumoral CM treatment (F). \*p \< 0.05 and \*\*p \< 0.01.](oncotarget-06-11203-g004){#F4}

To confirm our hypothesis of a potential action of leptin in altering mRNA expression in OE33 cells, we performed a 48 h treatment with two different concentrations of human recombinant leptin (10 ng/mL and 100 ng/mL). We observed a dose-dependent increase in ObR and AdipoR1 mRNA expression in cells treated with leptin compared with untreated control cells (Fig. [4E](#F4){ref-type="fig"}). To further confirm the involvement of leptin signalling we treated the cells with a leptin antagonist (SHLA) and found that the presence of SHLA partially blunted the increasing effect of peritumoral adipose tissue CM on ObR and AdipoR1 mRNA expression in OE33 cells (Fig. [4F](#F4){ref-type="fig"}).

Effects of adipose tissue conditioned medium (CM) on α-SMA and E-cadherin expression in OE33 cells {#s2_8}
--------------------------------------------------------------------------------------------------

To explore if the treatment with CM could possibly affect the EMT process in OE33 cells, we measured the mRNA expression of alpha-smooth muscle actin (α-SMA) and E-cadherin (molecular markers of motility and adhesion, respectively) after a 48 h treatment. We observed a significant increase in α-SMA and E-cadherin mRNA expression in OE33 cells treated with both omental and peritumoral CM, compared with untreated control cells (Fig. [5](#F5){ref-type="fig"}). Interestingly, the mRNA expression of α-SMA was significantly higher in cells treated with CM derived from patients with lymph node involvement (N+) compared with negative patients (N−), but this difference was not found in cells treated with omental CM (Fig. [5A](#F5){ref-type="fig"}). We also observed an increase of α-SMA mRNA expression in cells treated with CM derived from both adipose tissue with larger adipocytes (diameter \>75μm) and this difference was more evident in peritumoral depot (Fig. [5B](#F5){ref-type="fig"}). The mRNA expression of E-cadherin tended to be decreased in cells treated with CM derived from N+ patients compared to those treated with CM of N- patients (Fig. [5C](#F5){ref-type="fig"}), whereas we observed a significant down-regulation of E-cadherin expression in cells treated with CM derived from peritumoral adipose tissue with larger adipocytes, compared with CM derived from samples with smaller cells (Fig. [5D](#F5){ref-type="fig"}). α-SMA and E-cadherin mRNA levels were increased in a dose-dependent manner in OE33 cells treated with human recombinant leptin (Fig. [5E](#F5){ref-type="fig"}) and the treatment with SHLA in the presence of peritumoral adipose tissue derived CM showed a significant reduction of its increasing effect on α-SMA and E-cadherin mRNA expression (Fig. [5F](#F5){ref-type="fig"}).

![α-SMA and E-cadherin mRNA expression analysis in OE33 cells\
Human EAC cells (OE33) were cultured with conditioned medium (CM) derived from adipose tissue fragments of omental and peritumoral depots of EAC patients. After 48h, mRNA levels of α-SMA and E-cadherin were measured using qRT-PCR with 18s rRNA and HMBS as internal controls. (A and C) Lymph node negative (N−) or positive (N+) involvement was estimated by TNM values for each patient. (B and D) Adipocyte diameters were measured in hematoxylin and eosin stained sections of the same samples. OE33 cells were cultured for 48 h in the presence of human recombinant leptin (E) or in the presence of leptin antagonist SHLA in addition to peritumoral CM treatment (F). \*p \< 0.05 and \*\*p \< 0.01.](oncotarget-06-11203-g005){#F5}

DISCUSSION {#s3}
==========

This study began from the observation that despite obesity being a well established risk factor for several types of cancer, the correlations between "classic" obesity parameters (e.g.: BMI, circulating adipokines levels, hyperlipidemia, insulin resistance) and tumor staging/progression are not always consistent, suggesting that the influence of obesity on cancer behaviour should be investigated more thoroughly, especially in the context of depot-specific adipose tissue pathophysiology. Moreover, a significant correlation between upregulation of ObR and AdipoR expression in tumor tissue and nodal metastasis in patients with EAC was recently observed \[[@R34]\]. Therefore, we measured different anthropometric, physiological, histochemical, tumoral and molecular parameters in 60 patients affected by EAC, to investigate the potential interplay between peritumoral adipose tissue and cancer in terms of local invasiveness.

Our results showed a clear association between leptin mRNA expression and adipocyte size (a marker of obesity) in patients with EAC. Adipocyte size was also associated with higher expression of lymphangiogenesis and angiogenesis markers. These findings are in line with previous observations \[[@R38]\], however we indentified for the first time a stronger correlation between adipocytessize and obesity-related alterations in the periesophageal depot, compared with the distal one (omental) of EAC patients. Interestingly, the increased adipocyte size and the higher levels of leptin mRNA expression were strongly associated with positive nodal metastasis only in peritumoral but not omental adipose tissue of patients, suggesting that contiguous visceral adipose tissue may directly affect tumor invasiveness. This relationship may not be detected by measuring the traditional systemic obesity-related parameters. In fact, BMI as well as omental depot features did not show any direct relation with EAC nodal status, indicating that fat mass distribution is not univocal, and different visceral fat depots can influence different pathophysiological processes, as has already been observed for cardiovascular complications \[[@R39], [@R40]\]. All of these results highlight the role of peritumoral adipose tissue in the interplay between obesity and cancer progression.

![Possible mechanism of crosstalk between peritumoral adipose tissue and tumor cells in EAC\
Obesity is associated with increased adipocyte size and altered secretion of several adipokines from adipose tissue. Peritumoral adipose tissue with increased cell diameter expresses higher levels of leptin, an adipokine that exerts a paracrine action on EAC cells by up-regulating the expression of EMT markers such as α-SMA and E-cadherin, and thus likely promotes the invasiveness of tumor. Moreover, increased adipocyte diameter in the peritumoral depot is also associated with increased levels of CD31 (an angiogenesis marker) and podoplanin (a lymphangiogenesis marker) and this enrichment of blood vessels and lymphatic vessels may represent a permissive condition that further supports the progression/invasion of tumor cells. In fact, leptin and podoplanin expression in peritumoral (but not distal) adipose tissue is strongly associated with nodal metastasis (N) in EAC patients. Figure created using Servier Medical Art (<http://www.servier.com/Powerpoint-image-bank>) by Servier, under CC BY 3.0.](oncotarget-06-11203-g006){#F6}

To explore whether chemotherapy and/or radiotherapy could have influenced our data by modifying the molecular processes of peritumoral or distal adipose tissue, we investigated the effect of neoadjuvant treatment on the parameters that we analyzed in EAC patients. It has been shown that tumor leptin mRNA expression may be associated with chemo-resistance; however it is also correlated to a therapy-independent better prognosis \[[@R41]\]. Thus we measured leptin, adiponectin and IGF-1 mRNA expression, as well as adipocyte diameter in both omental and peritumoral adipose tissue of patients treated with chemotherapy, radiotherapy, chemo- and radiotherapy or no treated at all. We did not observe any significant influence of neoadjuvant therapy in the parameters that we analyzed, confirming that the results are not impaired by a cytotoxic effect. Most patients stopped their preoperative chemo-radiation at least 8 weeks prior to surgery, so the impact of neoadjuvant therapy on peritumoral adipose depot may be progressively faded.

To better clarify the involvement of the peritumoral adipose tissue in the direct crosstalk with esophageal cells, we cultured a human EAC cell line (OE33) in the presence of conditioned media derived from isolated adipose tissue explants (peritumoral and omental) of patients with EAC. We observed a substantial response in terms of ObR and AdipoR1 mRNA upregulation in the esophageal cells cultured with adipose tissue conditioned media, compared with control cells maintained in standard medium. These results suggest that the leptin and adiponectin signaling pathways are involved in the paracrine action of adipose tissue in EAC. Interestingly, we observed a dramatic increase in ObR and AdipoR1 mRNA expression in OE33 cells cultured with medium derived from peritumoral adipose tissue of patients with positive lymph node involvement (N+) compared with medium derived from adipose tissue of lymph node negative patients (N−). Moreover, ObR expression was increased in cells treated with CM derived from peritumoral adipose tissue containing larger cells. These results suggest that the peritumoral adipose tissue can play a direct role in the relationship between obesity and EAC, potentially influencing local cancer invasiveness. One mechanism underlying this relationship may depend on the local secretion of adipokines, specifically leptin, and their paracrine effect on tumor behavior.

We also observed that OE33 cells cultured with CM derived from adipose tissue of EAC patients had a significant increase in α-SMA and E-cadherin mRNA expression compared with untreated cells, suggesting that in EAC cells, the molecular processes of migration and adhesion are influenced by factors secreted from adipose tissue. In particular, the increase in α-SMA mRNA expression was higher in cells treated with CM derived from peritumoral adipose tissue of patients with positive lymph node involvement (N+) than in those treated with the CM from lymph node negative ones. The increase of E-cadherin mRNA expression was significantly lower in cells treated with CM derived from peritumoral adipose tissue with larger cells, in comparison with those treated with CM derived from tissue with smaller cells. These results showed that the peritumoral adipose tissue may also influence EMT processes and the hypertrophy of adipose cells may have a direct effect on cancer progression. It has been previously shown that impaired adipose tissue-derived secretory products can promote mobilization and EMT processes \[[@R42]\]; however our study analyzed this phenomenon in EAC cells and we highlight for the first time the specific role of peritumoral adipose tissue in exerting a paracrine action on tumor cells biology that clearly differs from the distal visceral depot.

We finally observed that a 48 h treatment of OE33 cells with recombinant leptin promotes the same changes as CM derived from adipose tissue of EAC patients in terms of ObR, AdipoR1, α-SMA and E-cadherin mRNA levels; however, the differences in terms of relative expression units are noticeably lower than those induced by CM treatment. Moreover, the administration of a leptin antagonist during the treatment with peritumoral adipose tissue-derived CM partially reduced its effect on ObR, AdipoR1, α-SMA and E-cadherin mRNA expression, but did not completely blunted their levels as those of untreated cells. This observation suggests that adipose tissue, in particular the peritumoral tissue, may locally secrete a variety of cytokines, in which leptin plays a crucial role. In fact, its specific inhibition greatly decrease the peritumoral adipose tissue effect on EAC cells gene expression, suggesting that several factors could influence tumor behavior via a synergistic action that is partially driven by leptin.

Furthermore, this study suggests that the prevention or inhibition of potentially negative effects of adipose tissue on cancer progression should be considered in the therapeutic approach of EAC patients. It was shown that obesity, leptin levels and adipocyte size can be reduced by rapamycin, an immunosuppressive chemical able to bind mTOR Complex 1 (mTORC1) and inhibit downstream signaling \[[@R43], [@R44]\]. More importantly, rapamycin might prevent cancer onset possibly in part due to these effects on fat tissues \[[@R45]\]. Therefore, a treatment with well-known conventional compounds that are able to reduce the metabolic alterations induced by obesity, such as rapamycin, may warrant further testing to be introduced into the clinical management of EAC.

In conclusion, our results clearly show that the crosstalk between adipose tissue and tumor cells is deeply influenced by depot-specific differences in EAC patients. Moreover, peritumoral adipose tissue with increased cell size (a hallmark of obesity) may be a permissive milieu for local tumor invasiveness, and we showed that an increased secretion of leptin is strongly associated with alterations in the mRNA levels of key regulator genes of tumor progression. All of these considerations are particularly important for the clinical evaluation of patients with cancers affecting the digestive system, where the main traits of obesity are often "lost" after severe cachexia and rapid weight loss.

MATERIALS AND METHODS {#s4}
=====================

Study design {#s4_1}
------------

Adipose tissue and blood samples from 60 consecutive patients with EAC who underwent esophagectomy at the Surgical Oncology Unit of the Veneto Institute of Oncology, were prospectively collected and analyzed. Complete anthropometric and tumor staging data have been retrieved for each patient. The study was performed in accordance with the principles of the Helsinki Declaration and all potential patients were asked to give written consent to have their data collected. The study obtained the approval of the Ethical Committee of Veneto Institute of Oncology.

Preoperative staging {#s4_2}
--------------------

Tumor--node--metastasis (TNM) staging was performed according to the criteria of the International Union Against Cancer \[[@R46]\]. Based on preoperative staging and according to the recommendations of the multidisciplinary team work-up, patients with tumors staged above T3N0 or any T N1 were considered suitable for neoadjuvant therapy. Patients were considered resectable when staged below T3N0 or, after the termination of neoadjuvant treatment, when there was no evidence of distant metastases or locally advanced tumors with gross periesophageal involvement at restaging.

Neoadjuvant therapy {#s4_3}
-------------------

The most common preoperative chemotherapy regimen for patients who were prescribed combined modality therapy consisted of 5-fluorouracil (5-FU) and a platinum agent (standard regimen for treatment was DDP 100 mg/m2 on day 1, and 5-FU 1000 mg/m2 per day in continuous infusion from day 1 to day 5 for 3-4 cycles). Chemotherapy was usually administered concurrently with radiation therapy, but the exact sequence depended on either the clinical protocol or on the single physician\'s preference.

Radiation was usually administered in daily fractions of 1.8 Gy for a total dose of 45 to 50 Gy. For carcinoma of the lower third esophagus, the field was extended to include both the perigastric and celiac nodes. This involved an initial phase using anteroposterior/posteroanterior fields with a total dose up to 30.6 Gy in 1.8 fractions. The radiation portals were then modified to encompass the primary tumor and metastatic nodes with 2 cm margins using a oV-cord conformal oblique Welds with a total dose up to 45 Gy.

Patients prescribed only chemotherapy underwent two cycles of cisplatin in combination with 5-FU before surgery. After the second cycle of chemotherapy, the tumor was restaged and patients with stable or progressive disease underwent surgery without further delay. A third cycle of chemotherapy was initiated in those patients who responded to the first two cycles. In all cases, surgery was performed 3-4 weeks after the last cycle of chemotherapy \[[@R47]\].

Surgical resection, adipose tissue and blood sample collection {#s4_4}
--------------------------------------------------------------

Details concerning surgical techniques have been published elsewhere \[[@R48]\]. Briefly, esophagectomy was performed using an Ivor Lewis procedure, via a laparotomy or laparoscopy and right thoracotomy, for tumors of the mid lower esophagus and the gastric cardia. At least 6--8 cm of healthy esophagus was resected above the proximal edge of the tumor to avoid neoplastic involvement of the resection margins. In this group of patients, an en bloc lymph node dissection was performed. The alimentary tract was reconstructed using the gastric pull-up technique; if the stomach was unavailable, either a jejunal loop or the left colon was used. Patients were seen during the follow-up period by the operating surgeons at regularly scheduled intervals (after 1, 3, 6, 12 months and every 6--12 months, thereafter).

During surgical procedures, two biopsies of visceral adipose tissue were collected from each patient, one from periesophageal depot (2 cm close to cardia) and one from omental depot. A sample of whole blood was obtained concurrently. Fresh specimens were rapidly divided and prepared for *in vitro* culture, or immediately frozen in liquid nitrogen, or fixed in formalin for subsequent analysis. Blood samples were centrifuged for 10 min at 3500 rpm at 4°C, to separate serum.

Adipose tissue conditioned medium and OE33 cell treatment {#s4_5}
---------------------------------------------------------

Fresh adipose tissue samples were immediately washed in sterile PBS at 37°C, separated from major vessels and fibers, minced and transferred in a sterile multi-well plate containing RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum and 2mM glutamine. Samples were maintained at 37°C in a sterile humidified atmosphere of 5% CO~2~ and after 48 h conditioned medium was collected.

The EAC OE33 cell line was purchased from Sigma and maintained in RPMI 1640 medium (Sigma) supplemented with 10% foetal bovine serum, 150U/mL streptomycin, 200U/mL penicillin and 2mM glutamine (Life Technologies). At 60% confluence, cells were washed twice in warm sterile PBS and medium was replaced by simple culture medium (control cells) or conditioned media previously collected from cultured adipose tissue biopsies (CM treated cells). Leptin and leptin antagonist treatments was performed by adding 10 ng/mL or 100 ng/mL recombinant human leptin (R&D Systems) or 0.7 ng/mL Super human leptin antagonist (SHLA, Protein Laboratories Rehovot Ltd) to cells. After 48 h of treatment, cells were washed twice with warm PBS and harvested for gene expression analysis.

RNA isolation and real-time quantitative PCR {#s4_6}
--------------------------------------------

Total RNA was isolated from freshly frozen visceral adipose tissues and OE33 cells using the Rneasy Lipid Tissue Mini Kit and the Rneasy Mini Kit (Qiagen), respectively, treated with DNase (TURBO-DNase-free, Life Technologies) and reverse transcribed using random primers (Promega) and M-MLV reverse transcriptase (Promega). mRNA levels were measured by Real-Time PCR (DNA Engine Opticon2, MJ Research) using SYBR Green PCR Master Mix (Life Technologies) and specific intron-spanning human primers, according to manufacturer\'s instructions. Values were calculated as the mean of triplicate measurements and levels were normalized to HMBS mRNA expression.

Protein isolation and western blot analysis {#s4_7}
-------------------------------------------

Proteins were isolated from visceral adipose tissues using T-PER Mammalian Protein Extraction Reagent (Thermo Scientific) as indicated by the manufacturer, in the presence of a cocktail of protease and phosphatase inhibitors (Thermo Scientific). Protein content was determined by the bicinchoninic acid protein assay (Thermo Scientific) and 70 μg of proteins were separated with SDS-PAGE under reducing conditions. The separated proteins were then electrophoretically transferred to a nitrocellulose membrane (BioRad). Proteins of interest were revealed with specific antibodies: Ob Antibody (H-146) sc-9014 (Santa Cruz) and anti-β actin (Sigma-Aldrich). The immunostaining was detected using horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin (Novex), bands were revealed by the SuperSignal Substrate (Pierce), detected using the C-Digit Blot Scanner and quantified by densitometry using the Image Studio software (all from Li-Cor).

Immunohistochemistry {#s4_8}
--------------------

Formalin-fixed adipose tissue samples were paraffin-embedded and adipocytes diameter and distribution were evaluated by using morphometrical approach in hematoxylin and eosin stained sections (4 μm). Consecutive serial sections were then immunostained for Podoplanin (Anti-D240) and CD31 (Anti-CD31) (all from AbCam) and counterstained with hematoxylin. Ten areas (1 mm^2^) for each section were analyzed and all the parameters were measured by computer-assisted morphometric analysis (Image Pro-plus version 5).

Serum analysis {#s4_9}
--------------

Serum samples of patients were briefly centrifuged at 1000g at 4°C and cytokines levels were analyzed by multiplex ELISA using an Adipokine Human Panel B Milliplex assay (Millipore). Circulating concentrations of leptin and insulin were measured in duplicate for each patient following manufacturer\'s instructions.

Statistical analysis {#s4_10}
--------------------

All statistical analyses were performed using GraphPad Prism software version 5.0 (GraphPad Software, San Diego, CA). Data are shown as median and interquartile range (IQR) or frequency. Non-parametric correlations were measured using the Spearman rank correlation coefficient. The Mann-Whitney U test for two independent samples was performed to assess differences between continuous variables with Bonferroni correction for multiple comparisons when appropriated. The *in vitro* results are expressed as mean ± SEM and experiments were performed in triplicates. All the tests were two-sided and a p-value below 0.05 was considered significant.
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=========================================

The authors thank Nazarena Nannini, Anna Rambaldo, Gloria Sarasin and Sonia Leandri for technical assistance, the CRIBI Biotechnology Center for Milliplex assays.

**GRANT SUPPORT**

This work was supported by the Italian Ministry of Education, University and Research (grant for junior researcher n° CPDR128205/12 to Roberto Vettor, assigned to Elisabetta Trevellin) and the Italian Ministry of Health (Current Research Funds to Carlo Castoro).

**CONFLICTS OF INTEREST**

No potential conflicts of interest were disclosed.
